Abstract. Several variables may affect the local contrast values in laser speckle contrast imaging (LSCI), irrespective of relative motion. It has been suggested that the optical properties of the moving fluid and surrounding tissues can affect LSCI values. However, a detailed study of this has yet to be presented. In this work, we examined the combined effects of the reduced scattering and absorption coefficients on LSCI. This study employs fluid phantoms with different optical properties that were developed to mimic whole blood with varying hematocrit levels. These flow phantoms were imaged with an LSCI system developed for this study. The only variable parameter was the optical properties of the flowing fluid. A negative linear relationship was seen between the changes in contrast and changes in reduced scattering coefficient, absorption coefficient, and total attenuation coefficient. The change in contrast observed due to an increase in the scattering coefficient was greater than what was observed with an increase in the absorption coefficient. The results indicate that optical properties affect contrast values and that they should be considered in the interpretation of LSCI data. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Laser speckle contrast imaging (LSCI) is a low cost and noninvasive method used to monitor blood perfusion and blood flow. [1] [2] [3] This method has a wide field of view, and it is efficient and simple for full-field monitoring. The simplicity of LSCI along with its high spatial and temporal resolution allows it to be used as a powerful tool to measure, monitor, and investigate living processes in near real-time. The concept behind this method lies in the mathematical relationship between moving particles (i.e., red blood cells) in the object space (i.e., the blood vessel) and the translating or "boiling" speckles in the image plane. When there is motion in the object space, the intensity of speckles in the image space fluctuates over time. It is these time-varying speckles in the image space that encode the motion in the object space. In time varying, or dynamic, speckle patterns, the speckle is blurred during the finite camera integration time, and the spatial variation, or contrast, in intensity is thereby decreased. Contrast in LSCI is typically defined as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 2 2 3 K r ¼
where μ I is the mean intensity of a small window (7 × 7 in this work) 4 of pixels centered at location r, and σ I is the standard deviation of the intensity over the same window. 1 In practice, this window is slid on a pixel-by-pixel basis over the entire speckle image yielding a final spatial contrast image. In LSCI, the contrast of the speckle images is lower in regions displaying motion relative to static regions. For a polarized speckle pattern, σ I ¼ μ I , yielding an expected value of K r ¼ 1.0. [1] [2] [3] It should be noted that this expectation, however, has its own statistical distribution. 4 When there is motion in the scattering particles, the shifting back-scattered waves coming from the moving particles will cause a temporal variation in the speckle intensity. This fluctuation results in a blur of the speckle pattern, and thereby, a reduction in K r .
In a previous publication, 5 using arguments from mass transport theory, it was demonstrated that the contrast values calculated in LSCI are sensitive to the sum of diffusive flux and advective flux in the circulation. In that paper, 5 we argued that the diffusion with drift equation 6 adequately describes the physical phenomena to which LSCI is ultimately sensitive. The steady-state diffusion with drift equation can be written without any loss of generality in one-dimension as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 2 6 1
where J KK is the total flux, the first term on the right side (RHS) of Eq. (2); −D ∂½c ∂x , describes the diffusional flux; J L , a component of J KK and the second term on the right side of Eq. (2),ṽ½c, describes the advective flux, J G , and is the product of the velocity,ṽ, of the fluid and the concentration, [c], of the scatterers suspended in it. The term,ṽ½c, describes ordered motion of the particles and the dynamic behavior of the individual particles is unique to the individual scatterers, whereas the J L term describes random motion of the particles and the behavior of an individual scatterer is representative of the scatterer population as a whole. 7 These two behaviors independently describe the two extreme, limiting behaviors of particle motion in a fluid, and their associated correlation functions have been used to relate the observed speckle contrast to the motion of the scattering particles. [1] [2] [3] Khaksari and Kirkpatrick 5 demonstrated a clear negative, linear relationship between both theṽ and [c] components of advective flux and that LSCI was approximately equally sensitive to both terms. Changes in particle concentration, [c], manifest as changes in the scattering coefficient, μ s , of the fluid. A key conclusion from this study is that changes in red blood cell concentration, i.e., changes in hematocrit, which result in a change in the scattering coefficient of the blood, may appear as changes in velocity in LSCI and vice versa. However, a change in hematocrit also results in a change in the absorption coefficient, μ a , due to changes in the amount of hemoglobin present in the observation volume. The confounding effect of changes in absorption was not considered in Khaksari and Kirkpatrick. 5 Changes in observed speckle contrast in LSCI due to changes in hematocrit 8 or directly due to changes in μ s and μ a in phantom materials have been described by others in the literature; 9 however, a systematic study of the combined effects of absorption and scattering on the observed contrast values in LSCI has yet to be reported.
Hematocrit, i.e., the percentage of red blood cells in whole blood, typically ranges between 38.8% and 50% for men and 39.4% and 44.5% for women in the systemic circulation. 10 However, even beyond these wide normal ranges, the hematocrit level of blood varies both naturally and under various pathological conditions. There are regional differences in hematocrit levels. For example, there is ∼ a threefold variation in hematocrit between the capillary circulation and the systemic circulation.
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Age and certain diseases such as anemia, leukemia, diarrhea, and colon cancer can also change hematocrit level. A different level of hematocrit reflects a difference in the number of red blood cells, which function as both absorbers and scatters in LSCI. Our motivation to examine the effects of optical properties on contrast imaging arises from the fact that different levels of hematocrit may influence contrast via a change in optical properties. The practical question, then, reduces to: How do differences in optical properties, due to changes in hematocrit, effect the calculated contrast in LSCI? Furthermore, if LSCI is to be used to evaluate blood flow over a time course, or between individuals, does relative hematocrit that manifests as different μ s and μ a need to be considered in the interpretation of the results?
In the present work, we investigate how the optical properties of the scattering and absorption media influence speckle contrast imaging results. In order to examine this issue, LSCI was performed on a series of flowing solutions with different reduced scattering and absorption coefficients. The hypothesis is that changing the volume fraction of scatterers and absorbers changes the reduced scattering coefficient and absorption coefficient resulting in a change in contrast. The goal of this study is to quantitatively examine the effects of optical properties on LSCI.
Materials and Methods

Laser Speckle Contrast Imaging System
An LSCI system was designed and constructed specifically to examine the effects of the optical properties of the moving fluid on contrast values (Fig. 1) . The system was essentially identical to the one used in Khaksari and Kirkpatrick. 5 A polarized 660-nm diode laser (B&W Tek, Newark, Delaware) was used to illuminate a section of glass tubing with an outer diameter of 2 mm and an inner diameter of 1.5 mm resting on top of a grooved plastic base. The illuminated region was ∼20 mm in length. The glass tube, which served as our imaging window, rested in the groove. The glass tube was attached to a segment of rubber tubing that ran from the fluid phantom reservoir and through a miniperistaltic pump (Instech Laboratories, Plymouth Meeting, Pennsylvania, model P625) that controlled the flow velocity. The miniperistaltic pump was controlled by an Arduino microcontroller. A MATLAB ® GUI controlled the imaging CCD camera (Point Grey, Dragonfly, Vancouver, British Columbia, Canada) and the pump and also calculated and saved contrast images in near real-time.
Liquid Phantoms
We used an added-absorber method to generate our flow phantoms. We initially created purely scattering phantoms in the same fashion as was done in Khaksari and Kirkpatrick 5 by mixing calcium aluminum borosilicate glass microspheres (LUXSIL Cosmetic Microspheres, Potters Industries, Inc., Malvern, Pennsylvania) with de-ionized (DI) water. The microspheres were polydisperse in terms of diameter, ranging between 9 and 13 μm, which is close to the diameter of red blood cells. The microspheres had mass density of 1.1 g∕cc, which, being close to that of water, minimized settling. Using a Mie calculator, 12 the appropriate microsphere concentration was calculated using Mie theory to approximate the scattering coefficient of whole blood at various hematocrit levels. 11 For these calculations, we assumed that the microspheres were pure scatterers and that μ a ¼ 0. These assumptions were made to more readily separate the combined effects of absorption and scattering. Furthermore, the absorption coefficient of the glass microspheres is negligible compared to the scattering coefficient at the wavelength of light employed, so the assumption is valid. Once the necessary concentrations of microspheres needed to create samples that approximate the scattering properties of whole blood were calculated, the flow phantoms were made by adding the calculated amount of microspheres to DI water. Ten solution phantoms of different scatterer concentrations were made using the results from the Mie calculations. Scattering coefficients of the fluid phantoms were confirmed via ballistic transmission measurements. A modified version of the Lambert-Beer law was used to calculate the scattering coefficient. Equations (3) and (4) summarize the approach E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 5 4 5 IðzÞ
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 5 2 2 μ s ¼ ln
where μ s is the scattering coefficient, μ a is the absorption coefficient, and z is the linear path length through the sample. The samples were contained in cuvettes with 1 cm internal width (z ¼ 1 cm). I 0 is the intensity of the ballistically transmitted beam when pure DI water was used as the sample in place of a scattering phantom. Since IðzÞ of the DI water and the scattering samples were measured in the same cuvette and the ratio between the intensities, IðzÞ∕I 0 was calculated, the intensity loss due to the cuvette wall was eliminated from the calculations.
To calculate the reduced scattering coefficient, μ 0 s , we assumed scattering anisotropy of g ¼ 0.9 from the Mie calculations and E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 3 3 3 μ 0 s ¼ μ s ð1 − gÞ:
Because the microsphere powder was polydisperse in terms of diameter, ranging between 9 and 13 μm, with a mean size of 11.7 μm, according to the manufacturer, but with an unknown size probability distribution, Mie calculations were performed assuming monodispersions of 9.0, 11.7, and 13.0 μm. The scattering coefficients calculated via Mie theory were compared to the values generated via the ballistic transmission experiments in order to better characterize the scattering behavior of the fluid phantoms.
The effect of varying μ a on LSCI was also of interest in this study. Thus, a series of absorbing liquid phantoms was constructed. An "added-absorber" approach was followed in making these phantoms. Empirically determined volumes of India ink were added to the purely scattering phantoms and pure DI water. Using ballistic transmission again, and with a priori knowledge of the scattering coefficient of the sample, the absorption coefficient was estimated as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 1 1 6
Equation (6) calculates the total attenuation coefficient (μ t ). By rearrangement, then, E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 3 2 6 ; 7 5 2
Ultimately, an 11 × 11 matrix of phantom solutions with each element of the matrix having a unique combination of μ s , μ a , and therefore μ t was developed. The initial sample in this matrix was pure DI water (μ s ¼ μ a ¼ μ t ¼ 0), and the last sample has the largest concentration of microspheres and India ink (μ t ¼ max).
Laser Speckle Contrast Imaging Measurements
Each fluid phantom was imaged with the LSCI system described above at a uniform velocity. Figure 2 shows the cross-section of the sample preparation we used in the LSCI setup. As can be seen in the figure, the moving and static parts are in the same depth of field (flow is coming out of the page, toward the reader). The camera lens (100 mm macrozoom) was fixed at f∕32, which resulted in relatively large speckles (see below) and an extended depth of field. During the experiments, all experimental parameters were held constant with the exception of the optical properties of the moving fluid, which varied by sample. The flow velocity was held constant at 5 mm∕s. The camera integration time was 6 ms and held constant for all the experiments. Images were acquired at a frame rate of 125 frames∕s. Thus, the only varying parameters were the optical properties of the fluid phantom used.
An important parameter in an LSCI experiment is the relative size of the speckles versus camera pixel size. 13 The minimum speckle size (in pixels), σ min , was determined by calculating the power spectral density of the raw speckle images 
In LSCI, unlike other speckle techniques, such as diffusing wave spectroscopy, the minimum speckle size should not match the camera pixel size but must be greater than two times of camera pixel pitch to meet the spatial Nyquist criteria. 13 In these experiments, the minimum speckle size was set to 2.72 times the pixel size (10.7 μm). The minimum speckle size in the image plane was, therefore ≈29.1 μm. It was also ensured that the speckle size relative to the size of the sliding window used in the contrast calculations (7 × 7 pixels) was appropriate to account for the local statistics of the calculated contrast. 4 For image collection, the laser was set slightly off-axis to avoid specular reflection. A video of 100 frames was recorded with the CCD camera for each sample. The experiment was repeated three times for each sample. In the end, 300 frames of raw speckle and 300 contrast images were recorded for each sample. The 300 frames were then averaged to create an "average" contrast image. The ratio between the dynamic (fluid) region and the static region (K ratio ) of the contrast images was calculated for all of the images. Similar to above, an 11 × 11 matrix was created of K ratio values. This matrix demonstrated the change in contrast that resulted from the change in the optical properties of the fluid phantoms. The numerical values of K ratio lay between 0 and 1.0, since the contrast is always lower in the fluid (dynamic) region of the contrast image Variations in ambient light, 14 the normal statistics of local speckle contrast, 4 and experimental variation lead to small changes in K static between experiments.
Results
Phantom Characterization
The scattering coefficients for 10 different sample concentrations of microspheres (plus pure DI water) was measured and by assuming g ¼ 0.9, the reduced scattering coefficient of the samples was estimated. By increasing the number of scatterers, the reduced scattering coefficient increased in a linear fashion. Figure 4 shows the phantom's reduced scattering coefficients and the relationship between the concentration of scatterers and the reduced scattering coefficient. Because the microspheres were polydisperse with an unknown size distribution, Fig. 4 also displays the results of Mie scattering simulations for the minimum, maximum, and mean sizes of the spheres as reported by the manufacturer. It is seen that the polydisperse mixtures displayed overall scattering behavior similar to that of a monodisperse system of ∼10. 
By adding measured amounts of India ink to the sample with the highest concentration of microspheres (μ 0 s ¼ 4.8 mm −1 ), we determined the absorption coefficient at 10 different India ink concentrations via ballistic transmission measurements of μ t and using Eq. (7). Absorption coefficient values of the phantoms used in our study ranged from 5.1 × 10 −3 ≤ μ a ≤ 6.73 × 10 −2 mm −1 . Figure 5 shows the linear relationship between India ink concentration and the measured absorption coefficient μ a ¼ 367.3½ink þ 0.0016; r 2 ¼ 0.996).
Contrast Imaging
The main goal of this investigation was to examine the combined effects of scattering and absorption on the contrast in LSCI images. As discussed above, the experiments were run for the 121 phantoms with unique combinations of reduced scattering and absorption coefficients. Accordingly, within the matrix, the absorption coefficient changed when moving along the rows and the reduced scattering coefficient changed moving along the columns. Values of K ratio were obtained from this matrix, and the contrast ratios for the different combinations of optical properties were plotted. Fig. 3 (a) A laser speckle pattern, (b) power spectral density of the speckle pattern shown in (a). The diameter of the bright central region is inversely proportional to the minimum speckle size in the speckle pattern. Figure 6 shows an example LSCI images from the 11 × 11 K ratio matrix. The tubing that contained fluid phantom flowed runs from the lower left to the upper right and the resulting low-contrast area is readily observed in the images. The triangular regions to the right and left of the tube are the "static" plastic block.
The relationship between K ratio and μ 0 s was found to be linear. An increase the concentration of scatterers [c], which manifested as an increase in μ 0 s resulted in a decrease in K ratio .
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The results are plotted in Fig. 7 , where K ratio is plotted as a function of μ Fig. 7 as a function of absorption coefficient, μ a . This plot reveals a linear reduction in K ratio with an increase in μ a in our experiments (K ratiojμ 0 s ¼0 ¼ −5.68 μ a þ 0.94; r 2 ¼ −0.982). As will be discussed below, this reduction in contrast is due to the attenuation of the light reaching the static scattering block below the moving fluid and, thus, reducing the influence of these static scatterers on the overall contrast. Others 8, 9 have observed an increase in contrast with an increase in absorption; however, in their experiments, there was no underlying layer of static scatterers and their scattering mediums were optically semi-infinite or close to it.
Thus, with an increase in absorption coefficient, K ratio decreased. This trend is shown for the fluid phantoms with 11 different reduced scattering coefficients in Fig. 9 . All the linear fits were statistically significant (t-test, p < 0.05); the . By combining the scattering and absorption data, the influence of total attenuation coefficient, μ t ¼ μ 0 s þ μ a , on K ratio was assessed. As expected from the results presented above, there was a linear decrease in K ratio with an increase in μ t . Figure 11 shows the results of the K ratio versus μ t for the samples that were along the major axis of the scattering-absorption phantom matrix. The equation describing the least-square fit was K ratio ¼ −0.14μ t þ 0.93; r 2 ¼ −0.94. The slope is statistically significant (t-test, p < 0.05).
Conclusions
We have demonstrated a linear decrease in speckle contrast, K ratio , with an increase in reduced scattering coefficient. This decrease in contrast with an increase in μ Likewise, in this study, contrast decreased linearly as absorption increased. Others 8, 9 have reported an increase in contrast as absorption increases. At initial glance, it may appear that these results are contradictory. However, this is not the case; indeed, the results presented here are entirely consistent with what has been reported in the literature previously. The effect of increasing absorption is to decrease the number of (deep) scattering events. In previous publications, the fluid phantoms were relatively deep and the entire imaging volume was populated by dynamic scatterers. Thus, by adding absorbers, the number of dynamic scattering events was reduced, resulting in an increase in contrast. In the present situation, the addition of absorbers accomplished the same thing: a decrease in the number of deep scattering events. However, in our case, the deep scatterers were static, coming from the fixed plastic block underneath the glass tube that served as our imaging window. Thus, the absorbers decreased the number of static scattering events, and thereby the influence of these static scattering events was reduced, resulting in decreased contrast values.
Recently, Kazmi et al., 8 focusing entirely on scattering, concluded that LSCI is sensitive to the product of speed and a dimensional term that is proportional to vessel diameter. In the Introduction to this paper, and in our prior work, 5 it was argued that LSCI is sensitive to advective flux. These two conclusions are, again, entirely consistent with each other. Recall from above that advective flux, J G is the second term on the right side of the diffusion with drift equation. Rewriting Eq. (2), E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 6 ; 6 3 ; 7 4 8
and E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 2 ; 6 3 ; 7 0 8 J G ¼ṽ x ½c:
Thus, Khaksari and Kirkpatrick 5 concluded that LSCI is sensitive to the product of velocity (assuming direction is known) and scatterer concentration. Note that advective flux as defined by Eq. (12) is related to the total mass flux _ m across a plane perpendicular to the direction of flow via E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 3 ; 6 3 ; 6 3 0 _ m ¼ J KK S;
where S is the internal cross-sectional area of the tube or vessel containing the flow, J KK is the total flux, and the dot over the variable explicitly indicates the time derivative. It assumed that diffusional flux = 0 and J G ¼ J KK . To be consistent with the conclusions of Kazmi et al., 8 Eq. (13) can be rewritten in terms of diameter E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 4 ; 6 3 ; 5 3 3
where d is the diameter of the vessel. By substitution, then E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 5 ; 6 3 ; 4 8 3
Thus total mass flux is given by Eq. (15), assuming that diffusional flux = 0. In the case where diffusional flux does not equal 0.0 (likely in most practical LSCI applications), then the total mass flux is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 6 ; 6 3 ; 3 9 4
Equations (15) and (16), then, show the consistency between the present results, the results of Khaksari and Kirkpatrick, 5 and the results of Kazmi et al. 8 That is, in terms of mass flux, LSCI is sensitive to the product of velocity (or speed if direction is not known explicitly), particle concentration, and a factor that is proportional to diameter squared.
The present paper is certainly not the first paper to demonstrate that speckle contrast changes as a function of the amount of scattering or absorption present; 5, 8, 9 however, this is the first systematic study that systematically evaluated the combined effects of scattering and absorption on contrast values. Furthermore, the present paper demonstrates that by viewing LSCI in terms of mass transport, consistency between earlier studies and the present one can be achieved. Specifically, we demonstrate that both scattering and absorption have linear effects on contrast values. Contrast values decrease linearly with an increase in scattering, regardless of absorption. An increase in absorption serves to reduce the number of deep scattering events observed. Thus, depending if the "deep" scatterers are dynamic or static, contrast values can either increase or decrease with increased absorption.
